Abstract-This paper details a modeling and experimental assessment of the packaging process for a silicon carbide Schottky diode using pressure contacts. The work detailed in this paper is original, as it applies a combined electrothermomechanical modeling analysis to this packaging method supported by experimental validation. A key design objective for this packaging process is to identify suitable contact pad materials, heatsinks, and process variables such as clamping force to meet electrical, thermal, and reliability specifications. Molybdenum and aluminum graphite (ALG) have been identified as two suitable materials for the contact pads. Clamping forces ranging from 300 to 500 N and electric current ranging from 10 to 30 A have been investigated in terms of the resulting electrical and thermal contact resistances, temperatures, and stresses induced across the package. The performance of two heatsink designs with heat dissipation rates of 12 893 and 4991 W/m 2 k has also been investigated. Both the modeling and initial experimental results detailed in this paper show that ALG provides better performance in terms of generating a lower average chip temperature. Both temperature and stress in the diode are predicted as a function of clamping force and load current. This will aid the packaging engineer to identify suitable process parameters to meet junction temperature requirements at different applied load currents.
I. INTRODUCTION

I
N THIS paper, a multiphysics (electrothermomechanical) modeling and analysis is presented and compared to experimental results for a press-pack diode (PPD) in a power electronic module applications. The thermomechanical characteristics of the pressure contact packaging system offer certain advantages since the majority of the failure mechanisms in power electronics modules are associated with bonded joints such as solder joints and wirebonds [1] . Eliminating both wirebonds and solder joints helps to minimize the risk of fatigue failure, hence providing an enhanced reliability.
In a press-pack module, (also named as flat pack in some of the literature), the power semiconductor is pressed between two conductive copper elements using an intermediate contact material to match the coefficient of thermal expansion (CTE) of the copper and the semiconductor. The press-pack module is assembled and mounted under pressure by a complex mechanical system [2] in order to obtain the necessary pressure contact between the interfaces in the package. Other advantages of press pack assembly in power electronics applications are compact design, double-sided cooling, and reduction in rigid interconnection between materials of different CTE [3] .
In contrast to fully bonded interfaces such as solder joint and wirebond, press-pack interfaces introduce additional electrical and thermal contact or constriction resistances due to interface surface nonlinearity and roughness. This results in higher electrical resistance, which together with higher thermal contact resistance results in higher temperatures. However, even with these challenges, press-pack modules have advantages over fully bonded interfaces.
Some of the key design questions that arise when using pressure contacts (as in Fig. 1 ) are the choice of contact pad material and the determination of the optimal clamping pressure, which will affect both the junction temperature and stress on the SiC Schottky diode. This was the motivation behind this work and the development of a multiphysics modeling and validation with experimental results.
A finite-element analysis (FEA) study on press-pack insulated bipolar transistor (PPIGBT) was reported by Hasmasan et al. [4] for the impact of mechanical clamping pressure on the thermal distribution among the chips. That paper concluded that nonuniform clamping pressure condition 2156-3950 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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affects the distributions in current, junction temperature, and power loss, which leads to reduction in lifetime. Another FEA study on PPIGBT was reported by Poller et al. [5] , [6] , who investigated the effect of external clamping pressure on the stress, temperature, and current distributions on the IGBT chips for three different clamping kits. The simulation results were validated with experimental results. A mechanical FEA study was presented by Hasamasan et al. [7] for PPIGBT to evaluate the clamping pressure distribution among chips for uniform and nonuniform clamping pressure situations for various friction coefficients (FCs) between interface layers. This paper concluded that FCs between layers have little impact on pressure distribution on the chip.
A similar study on PPIGBT was also reported by Pirondi et al. [8] , [9] . That paper concluded that for single-chip configuration, the pressure distribution on the chip behaves like a convex shape. In contrast for multichip configuration, pressure distribution in the chips behaves like concave shape. An FEA on PPD by direct coupling of electrothermomechanical analysis is proposed in this paper. Additionally, two different contact pad materials were utilized in this paper in order to identify the impact of the material on the thermomechanical properties of the press-pack assembly.
In order to model the electrothermomechanical characteristics of the PPD structure accurately, the values of the electrical and thermal contact resistances between contacts interfaces need to be known a priori. Measuring the pressure-sensitive contact resistances experimentally is very difficult due to placing the measuring probe closer to the contact surface in small press-pack packages.
A number of approaches have been reported in the literature for predicting contact resistances. Poller et al. [10] proposed a method to predict the electrical and thermal contact resistances by combining the finite-element results with experiments. The experimental measurements were extracted from the surface of the IGBT chip of the presspack assembly. The method proposed by Poller et al. [10] utilizes an iterative algorithm (genetic search algorithm) to estimate both contact resistances by changing the estimate iteratively to match the results of FEM simulations with the experimental measurements. Busca et al. [11] predicted the thermal contact resistance of IGBT press-pack structure by combining experimental data with dynamic component-level thermal models (physical cauer equivalent circuit network).
From a design perspective, the above approaches are resource-consuming and expensive. Hence, in this paper, we have employed an approach that uses analytical models to estimate the contact resistances on the molybdenum (Mo) [or aluminum graphite (ALG)]/ Cu and Mo (or ALG)/SiC interfaces. These models are dependent and are described in Section III.
II. PRESS-PACK MODULE
In this paper, finite-element modeling analysis has been undertaken for a prototype of a PPD structure. The PPD consists of an anode, anode pad, a SiC Schottky diode chip, cathode pad, and cathode layers. The material of anode and cathode is copper. Two types of contact pad materials have been selected as possible candidates. These are Mo and ALG from Schunk Hoffmann Carbon Technology [12] . ALG is a metal matrix composite produced by pressure infiltration of porous graphite by liquid aluminum. According to manufacturers' specification, this new composite incorporates the advantageous properties of both materials. The type of ALG that was used in this paper is ALG 2208.
A Cree/Wolfspeed manufactured silicon carbide Schottky diode with datasheet reference CPW5-1200-Z050B was used in the module. Enclosing the diode is a polypropylene sulfide (PPS) die carrier, used for positioning the elements of the assembly as shown in Fig. 1 . The external clamping force was applied using a commercial clamping kit and heatsinks. The module internal interface layers are pressed by the external force exerted by the clamping kit in order to establish the appropriate electrical and thermal contact at the interfaces of the assembly. An external case made of polyether ether ketone was used for aligning the copper poles. A detailed view of the real prototype and the assembled clamp is shown in Fig. 2 .
III. FINITE-ELEMENT MODELING
The finite-element modeling captures direct coupling between the physics involving joule heating, thermal expansion, and subsequent mechanical deformation and hence stresses on the structure. By exploiting symmetry in the module, one-quarter symmetry has been utilized in this paper. The model of the press-pack package was developed in the finite-element code ANSYS [13] . Complexity of the model structure can be further reduced by representing the effect of the heatsink as an equivalent heat transfer coefficient. This is detailed in the following.
The temperature-dependent forward voltage of the SiC Schottky diode was extracted from the forward characteristics given on the datasheet. The material properties used in this paper are detailed in Table I . In ANSYS, surface-to-surface contact elements CONTA174 and TARGE170 were utilized for the contact interfaces in the model. CONTA174 and TARGE170 are surface elements with 3 degrees of freedom at nodes which these surfaces are associated with, and the geometric characteristic of these surface elements is same as the associated solid element (in this paper, SOLID226). Coulomb and shear stress friction exists between contact and target surfaces. The volume of the structure was discretised using SOLID226 element that has electrothermomechanical capabilities. After undertaking a mesh sensitivity analysis, a model consisting of approximately 20 000 elements was used for all investigations, as shown in Fig. 3 .
A. Thermal Contact Resistance
Contact interfaces are never perfectly flat due to surface roughness. Thermal contact resistance depends on the surface, material hardness, and contact pressure at the interface. Assuming that heat transfer is dominated by conduction at these interfaces, then the following equation can be used for thermal contact resistance [14] :
where k 1 and k 2 are the thermal conductivities of the contacting materials. The parameters σ , m, P, and H are, respectively, the effective root mean square (rms) of surface roughness, mean absolute slope of the interface as in Fig. 4 , contact pressure of the joint, and hardness of the softer material. If the mean absolute slope (m) is not available, then mean absolute asperity slope can be approximated by the correlation equation
which is valid for an effective rms of surface roughness (σ ) range of 0.216 μm ≤ σ ≤ 9.6 μm [15] . The effective rms (σ ) values calculated in this paper are within the range of 0.216-9.6 μm. The average rms surface roughness of the Mo and ALG contacts was characterized obtaining 1.1 μm for the ALG contacts and 1 μm for the Mo contacts. The characterized surface of the ALG is shown in Fig. 5 .
B. Electrical Contact Resistance
Electrical contact resistance also depends on the contact force and the hardness of the contacting materials. When electrical current passes through the contact interface, the current lines are restricted to pass through the reduced contacting area; this will result in an increase in electrical resistance at the interface. Assuming that the asperities at the SiC and pad surfaces form circular contact areas, then the following equation can be used to predict electrical contact [16] , [17] :
where ρ 1 , ρ 2 , and F are, respectively, electrical resistivity of the materials 1 and 2 and applied force on the contact joint. The above equation is widely used by design engineers to estimate the contact resistance. The equation is valid over a wide range of applied loads and contact materials [17] .
Other more complex models (requiring additional materials data) are also available [18] . The Vickers hardness of the ALG was chosen as 441 MPa [19] , and Mo was chosen as 1530 MPa [19] .
C. Boundary Condition
In the mechanical analysis, the mechanical contact between contacting surfaces is controlled by friction. An FC of 0.75 was assumed between contact layers Cu/Mo (or ALG). Similarly FC of 0.5 is assumed for SiC/Mo (or ALG) interface [10] . Clamping pressure varies for single-diode package, hence a quarter of the original intended pressure was applied on the one-quarter model we simulated. Electric current was applied to anode/heatsink interface by coupling the finite-element mesh nodes and applying the current load to the master node.
D. Single-Sided Cooling
Estimating the impact of the heatsink with a suitable heat transfer coefficient is detailed as follows. Natural free-flow convection coefficient is assigned as 10 W/m 2 k based on [21, Table 9 .1]. From the heatsink manufacturers' specifications, the surface area of the heatsink can be extracted. Hence, the heat transfer coefficient representing the heatsink was approximated as h Heatsink as in the following:
where A Heatsink -is the heatsink surface area exposed to the natural free-flow convection, A Interface is the model interface area between the anode (cathode), and h Natural Convection is the standard natural free-flow convection coefficient. Two commercial heatsinks (recommended for press-pack assemblies) have been investigated: a large heatsink model PS260/150B and a small heatsink model PS136/150B, both from GD rectifiers [22] . The rationale for using the large and small heatsinks was to investigate the impact of heatsink size of heat extraction. For the large heatsink and small heatsink, the heat transfer coefficients were approximated as 12 893 and 4991 W/m 2 k, respectively. The complete assembly for both heatsinks is shown in Fig. 6 .
IV. SIMULATION AND RESULTS
Using the developed model as detailed above, the combined loading of current, clamping pressure, and two different contact pad materials (Mo or ALG) have been simulated. Electrical and thermal contact resistances were dominated by the clamping pressure; for example, if clamping pressure increases, then the contact resistances decreases, but the stresses on the chip increases. The average von Mises stress on chip and the average temperature on the chip were extracted by volume weighted averaging method, which is widely reported in the literature. The plots of temperature and electric potential distributions of the structure are given in Fig. 7 . Fig. 8 illustrates the temperature distribution on the diode chip for 400-N constant clamping force for both Mo and ALG contact pads. Clearly, the use of an ALG pad is resulting in a lower temperature distribution across the diode compared to Mo pad. This trend (as in Figs. 9 and 10 ) was also observed for other clamping pressure, electrical loadings, and heatsink designs combination.
A. Thermal Distribution on the Diode
By considering the temperature distribution on the diode chip as dominant factor, the model with ALG contact pad outperforms the model with Mo contact pad. This observation agrees with our expectation since the hardness value of ALG is low in comparison to the hardness value of Mo, hence small electrical and thermal contact resistances and consequently small average temperature on the model with ALG pad. As expected, increasing the load current value increases the diode temperature distribution (as in Fig. 11 ) for both models (ALG and Mo contact pads).
1) The predicted temperature reduction when using a small heatsink compared to the large heatsink for load currents ranging from 20 and 25 A are, respectively, ∼13°C and ∼24°C as detailed in Figs. 9 and 10. This trend was observed for the models with both contact pad materials. 2) For identical heatsink (either large heatsink or small heatsink) models, the average temperature difference of the chip between the model with Mo contact pad and the model with ALG contact pad for load current of 25 A is in the range of 10°C-16°C, and for load current of 20 A, the average temperature difference on the chip is in the range of 6°C-10°C. It should be noted that the predicted difference between maximum and average temperature across the diode is <5°C in all simulations. Hence, the reported temperatures are representative of the junction temperature in the diode. For silicon carbide, the maximum operating junction temperature based on manufacturers' specification should not exceed 175°C. Hence, for even small heatsink, the chip temperature at 25-A load current is within the operating temperature regime. This can provide benefits when smaller form factor of the overall assembly is required.
B. Stress Distribution on the Diode
The von Mises stress distributions on the diode for both contact pad material models using 400-N clamping force and 20-A current loading are illustrated in Fig. 12 . Unlike the trends observed for temperature, the average von Mises stress in the diode is higher for ALG contact pad compared to Mo contact pad. This trend (as in Fig. 13 ) was also observed for various load currents, clamping pressures, and heatsinks model combinations.
The maximum stress on the chip observed in the FEA simulation is 190 MPa. It should be noted that the yield stress of SiC is 21 GPa [23] . According to Sharp et al. [24] , the fracture strength of smooth SiC of any shaped specimen is in the range of 0.5-1.5 GPa. Additionally in the experiment, we have not observed any crack in the chip for both contact pad materials. Hence, these predicted stresses in the diode are significantly below this value and should not be of concern in terms of mechanical failure of the diode during the assembly process.
From the results, it can be concluded that average von Mises stress on the diode increases from large heatsink model to small heatsink model by less than or equal to 3 MPa. This additional stress increment is due to percentage stress induced by thermal load increment.
V. EXPERIMENTAL RESULTS
In order to verify the numerical results, experimental measurements of junction temperature were performed. The traditional dc power cycling setup [25] shown in Fig. 14(a) has been used for the evaluation of the performance of the press-pack diode as device under test (DUT), with a photograph of the test setup configuration using the large heatsink assembly as DUT shown in Fig. 14(b) . In this experimental configuration, a dc heating current is used for increasing the temperature of the device due to self-heating, and when this heating current is switched OFF, the forward voltage across the device at low current is used as a temperature-sensitive electrical parameter (TSEP) for the estimation of the junction temperature [26] . The calibration of the TSEP was done using a thermal chamber, measuring the forward voltage at low current at different temperatures and clamping forces, leaving enough time to reach the thermal equilibrium, hence assuming that the temperature in the chamber is the temperature of the chip.
The heating tests have been performed for various combinations, and the junction temperature increment from ambient temperature against time is plotted as in Figs. 15 and 16 . The trend curves of power equation were fit to the discrete data sets. Assuming the junction temperature stabilizes after a certain amount of time, then we can extract the stabilized junction temperature of the structure for a constant loading current and clamping force. The time period for stabilized temperature was assumed to be 3600 s for obtaining the trend curve equation of junction temperature increment. Comparing Figs. 15 and 16 , it can be clearly observed how the temperature increase is smaller when ALG contacts are used. Fig. 17 presents the stabilized junction temperature increase for both contact materials, using a heating current of 10 A, a clamping force of 500 N, and the large heatsink model PS260. The impact of the clamping force on the junction temperature increase is presented in Fig. 18 . Using Mo as intermediate contact, the effect of the clamping force (300 and 500 N) has been measured for two heating currents, namely 10 and 20 A. For the SiC device used in this paper, the forces of 300 and 500 N are based on the recommendations from Lutz et al. [3] . These recommndations state that clamping pressure should lie within the range 10-20 N/mm 2 .
VI. COMPARISON OF FINITE-ELEMENT RESULTS TO EXPERIMENTAL RESULTS
Since the FEA modeling does not consist of the timedependent material properties in the modeling, the FEA modeling results were compared to stabilized temperature extracted from the experiments. The clamping force has less impact on the junction temperature rise than the contact material, as it can be observed in Figs. 19-21 , where a combination of test assemblies (contact pad material, clamping force, and model of heatsink) has been evaluated to validate the model presented in this paper.
These results follow the trend shown in the simulations and suggest a better thermal performance of the ALG contact. The FEA results slightly under-predict the junction temperature in comparison to the experiments due to the approximated value of certain parameters in the FE modeling. Overall, the experiment and finite-element modeling follow the trends: 1) the reduction in junction temperature for increased clamping pressure, and 2) ALG contact pad model generated lower junction temperature in comparison to Mo pad model.
The impact of the contact material and the clamping force on the thermal resistance was measured and characterized in [27] using advanced equipment. From the results presented, increasing the force reduces the thermal resistance and the press-pack assembly with ALG contacts has also a lower thermal resistance, corresponding with the modeling results obtained in this paper.
VII. CONCLUSION
A novel combined electrothermomechanical modeling methodology for assessing diode temperature and stress imposed on the diode in the press-pack packaging process is demonstrated. Based on the assumptions made in this paper, for load currents ranging from 20 to 25 A and clamping forces ranging from 300-500 N, the results show the following. 1) Both contact pad materials Mo and ALG result in junction temperatures that meet manufacturers' specifications.
2) Both contact pad materials result in stresses in the diode that are well below any stress that could cause mechanical failure in the diode. 3) Using ALG results in a lower junction temperature compared to Mo (∼6°C-16°C for process parameters investigated in this paper). Hence, using ALG could result in a significant increase in overall diode reliability. 4) Adoption of a smaller heatsink design also meets manufacturers' specifications in terms of junction temperature. This can aid design engineers to meet smaller form factor requirements for the package. 5) Model results compare with experimental data both in terms of junction temperatures and temperature trends for both contact pad materials. Based on the methodology detailed in this paper, a packaging design engineer can use any contact pad material whose thermal and mechanical properties are known. If the surface roughness of the interfaces is also known, these can easily be included into the analysis to provide values of thermal and electrical contact resistances. Hence, the developed methodology provides significant benefits to packaging engineers in identifying clamping forces and packaging materials that meet temperature, form factor, and reliability requirements for specific package designs and applications.
